Tricyclic antidepressant drugs (TCAs) are a main category of antidepressants, which are until today widely used for the treatment of psychological disorders due to their low cost and their high efficiency. Therefore, there is a great demand for method development for the determination of TCAs in biofluids, especially for therapeutic drug monitoring. Gas chromatography (GC) was the first chromatographic technique implemented for this purpose. With the recent development in the field of sample preparation, many novel GC applications have been developed. Herein, we aim to report the recent application of GC for the determination of tricyclic antidepressants in biofluids. Emphasis is given to novel extraction techniques and novel materials used for sample preparation.
Introduction
Tricyclic antidepressant drugs (TCAs) are widely used for the treatment of psychiatric disorders such as depression [1] . They were firstly introduced in the 1950s with the discovery of imipramine by Roland Kuhn [2] . Due to their low cost and their high efficiency, they are widely prescribed until today for the treatment of major depression disorder, despite the introduction of newer antidepressants [1] . The chemical structures of TCAs are shown in Figure 1 .
Tricyclic antidepressant drugs (TCAs) are widely used for the treatment of psychiatric disorders such as depression [1] . They were firstly introduced in the 1950s with the discovery of imipramine by Roland Kuhn [2] . Due to their low cost and their high efficiency, they are widely prescribed until today for the treatment of major depression disorder, despite the introduction of newer antidepressants [1] . The chemical structures of TCAs are shown in Figure 1 . The name of tricyclic antidepressants is based on their chemical structure, which contains three rings of atoms. Tricyclic antidepressants can be categorized as tertiary amine and as secondary amine TCAs.
Tertiary amine TCAs include amitriptyline, imipramine, clomipramine, dothiepin and doxepin while secondary amine TCAs include desipramine, nortriptyline, and protriptyline. They consist of three fused hydrocarbon rings linked to an alkylamine chain. Structural isomers of tricyclic antidepressants include N-and O-heteroatoms in the rings, hydrocarbon chain length and double bond positions. Tricyclic antidepressants are able to produce therapeutic responses in patients with major depression and hence are primarily used for its treatment [3] [4] [5] .
Demethylation, hydroxylation and/or oxidation are the major processes for metabolites formation. Thus, polar metabolites are formed in the liver and then excreted to kidney with about 5% of the drug remaining unchanged. Aromatic hydroxylation takes place and the site of this biotransformation on the drug varies for different compounds. Accordingly, glucuronide conjugation results in more lipophilic and water-soluble tricyclics with more efficient renal excretion. Finally, a significant fraction of hydroxy metabolites is removed with urine [4] .
TCAs' dose usually ranges from 75 to 300 mg/day. Unconjugated form TCAs concentrations in human fluids are measured for therapeutic drug monitoring (TDM). Since antidepressants are highly protein-bound, the therapeutic concentrations of the "free" drug are quite low. The measurement of the concentration of the free drugs in blood is very important for the determination of the pharmacological activity of TCAs. Therefore, there is a high demand for analytical purpose that can achieve this goal [5] . It has been found that the maximal therapeutic efficacy achieved with notriptyline is when plasma levels are 50-175 ng/mL. For the other TCAs, the picture is less clear, however the expected plasma concentration ranges 70-300 ng/mL. Toxic therapeutic dose is beyond 450 ng/mL. In urine, the expected concentration of TCAs and their metabolites ranges 500-5000 ng/mL, depending on the compound [6, 7] .
High performance liquid chromatography tandem with ultraviolet detector (UV), diode array detector (DAD) and Mass Spectrometry (MS) is nowadays the most famous technique for the determination of TCAs in biological matrices [8] [9] [10] . Moreover, with the use of liquid chromatography tandem mass spectrometry (LC-MS/MS), sensitivity of TCAs determination has significantly improved [11, 12] . Gas chromatography was popular for this purpose before 1975 and is also gaining more and more attention again recently [1] . Other techniques that have been applied for the determination of TCAs are capillary electrophoresis (CE) [13] , voltammetry [14] , fluorescence polarization immunoassay [15] , amperometry [16] , flow injection analysis [17] , biosensors [18] , mass spectrometry [19] , corona discharge ion mobility spectrometry [20] , electrospray ionization-ion mobility spectrometry [21] , turbulent-flow liquid chromatography-MS [22] .
Among the studied biofluids, human plasma, serum and whole blood are the most common together with urine [4] . Other matrices include oral fluid, human hair and more recently dry blood spots have been also examined [4, 23] .
Lately, a lot of progress has been made in the field of sample preparation. Before 2008, protein precipitation, dilution, liquid-liquid extraction (LLE) and solid-phase extraction (SPE) were the most common sample preparation techniques for the analysis of biological matrices [1] . Novel techniques such as solid phase microextraction (SPME) [24] , liquid phase microextraction (LPME) [4] , extraction with QuEChERS [25] , magnetic solid phase extraction (MSPE) [26] , etc. have been recently applied to sample preparation of biological fluids. Moreover, novel materials such as metal-organic frameworks [26] , functionalized Fe 3 O 4 nanoparticles [27] , paramagnetic core-shell functionalized nanoparticles [28] , etc. have been also tested to replace conventional sorbents.
Only a limited number of review articles can be found in the literature concerning tricyclic antidepressants determination in biological matrices with gas chromatography. In 1980, Scoggins et al. wrote a review about the measurement of tricyclic antidepressants between 1967 and 1980 [29] . Gupta et al. wrote a review about the determination of tricyclic antidepressant drugs by gas chromatography with the use of a capillary column in 1983 [30] . The same year, Van Brunt published a review regarding the application of new technology for the measurement of tricyclic antidepressants using capillary gas chromatography with a fused silica DB5 column and nitrogen phosphorus detection [31] .
In 1985, Norman published a review regarding the chromatographic techniques that have been implemented for the determination of TCAs in human plasma and human serum by chromatographic techniques [32] . Smyth discussed the applications of liquid chromatography-electrospray ionization mass spectrometry (LC-ESI-MS) to the detection and determination of TCAs in biological fluids and other matrices and made a comparison with gas-liquid chromatography-mass spectrometry (GLC-MS), when it was possible [33] . Since 2008, a few reviews have been published for the determination of TCAs with HPLC, however limited attention has been given to gas chromatography applications [1, 4, 34] .
Early Use of Gas Chromatography
The first reported method for the determination of a tricyclic antidepressant drug was published in 1968. Stephen Curry developed a gas-liquid chromatography method for the determination of chlorpromazine and some of its metabolites in human plasma. For the separation, a packed column with 3% OV 17 phase (by Ohio Valley Specialty Company), which is a mid-polar phase containing 50% diphenyl and 50% dimethylpolysiloxane was used. Extraction with n-heptane was used for sample preparation and detection was achieved with an electron capture detector [35] . In 1975, Gifford et al. used a specific nitrogen detector for the determination of TCA drugs in plasma. Due to the sensitive alkali flame ionization detector no derivatization step was needed [36] . The same year, Aksel Jorgensen used a glass column filled with Chromosorb CQ (100-120 mesh) coated with 1% OV 17 for the determination of amitriptyline and nortriptyline in human Serum. Extraction was performed with n-hexane and limits of detection were 5 ng/mL for amitriptyline and 10-15 ng/mL for nortriptyline [37] . In 1976, Vasiliades et al. developed a gas liquid chromatographic determination of therapeutic and toxic levels of amitriptyline in human serum and limit of detection for amitriptyline was reduced to 1 ng/mL. For this purpose, the analytes were extracted from an alkaline solution into n-heptane containing 4% isobutanol and back-extracted into 0.1 M hydrochloric acid [38] . The same year, Bailey et al. developed a GC method for the determination of therapeutic concentrations of imipramine and desipramine in plasma. Imipramine was measured as the unchanged base while desipramine was measured as its N-trifluoroacetyl derivative. Prior to derivatization, the TCAs were extracted from an alkaline solution (pH 10.5 with Na 2 CO 3 ) into hexane/isoamyl alcohol (98.5:1.5, v/v). That was the first reported application of derivatization of TCAs prior to their detection with a specific nitrogen detector [39] . Claeys et al. developed for the first time a gas chromatographic mass spectrometric method for the simultaneous measurement of imipramine and desipramine in plasma by selected ion recording with deuterated internal standards. The analytes were extracted with n-hexane and then derivatization with trifluoroacetylimidazole took place. Limits of quantification were reduced to nanogram level due to specificity provided by selected ion recording of the [M + H] + ions produced by chemical ionization using methane as reagent [40] . As can be easily observed, liquid-liquid extraction from biological samples, packed GC columns and selective nitrogen detectors were the most frequently used parameters for the analysis of biofluids for the determination of TCAs since early 1977. Helium was used in the most applications as carrier gas (mobile phase), followed by nitrogen [34] [35] [36] [37] [38] [39] [40] [41] .
At the end of 1977, mass spectrometry was also used for the simultaneous measurement of secondary and tertiary tricyclic antidepressants. For this purpose, tertiary amines such as amitriptyline, doxepin, and imipramine were analyzed underivatized, while secondary amines such as nortriptyline, desmethyldoxepin, desipramine, and protriptyline were analyzed after derivatization with trifluoroacetic anhydride. The analytes were extracted into a mixture of isopropanol/hexane (2:98, v/v) from the alkaline solution. Methane was used as carrier gas [42] . The same year, Garland developed a GC method for determination of amitriptyline and nortriptyline in human plasma. For the LLE procedure, n-hexane was chosen, while isobutane was chosen as carrier gas and reagent gas for chemical ionization [43] . In 1979, the same author developed a method for the determination of amitriptyline and its metabolites 10-hydroxyamitriptyline, 10-hydroxynortriptyline and nortriptyline in human plasma using stable isotope dilution and gas chromatography-chemical ionization mass spectrometry (GC-CIMS), using deuterated analogs as internal standards [44] . In 1979, Dhar et al. developed a gas-liquid chromatographic method for the determination of amitriptyline and nortriptyline levels in plasma using nitrogen-sensitive detectors after derivatization with trifluoroacetic anhydride [45] . In 1981, a nitrogen-phosphorous detector (NPD) was employed for the determination of imipramine, desipramine, doxepin, amitriptyline and nortriptyline. Limits of detection were reduced to 0.5-0.75 ng/mL. The analytes were extracted from alkaline solution into n-hexane-isoamyl alcohol mixture (98:2, v/v) [46] . The same year, Narasimhachari et al. developed a quantitative mapping of metabolites of imipramine and desipramine in plasma samples by gas chromatography-mass spectrometry with selected ion-monitoring (SIM) using deuterated analogues as internal standards. LLE was chosen for sample preparation in combination with derivatization with N-methyl-bis-trifluoroacetamide [47] . In 1982, Hals et al. developed a sensitive gas chromatographic assay for amitriptyline and nortriptyline in plasma and in 1983 Jones et al. developed a GC method for the quantification of amitriptyline, nortriptyline, and 10-hydroxy metabolite isomers in plasma [48, 49] . In 1983, Gupta et al. used for the first time a DB-1 (30 m × 0.25 mm i.d.) capillary column for the determination of TCAs in plasma by GC coupled with a nitrogen selective detector. For the sample preparation, the samples were washed with pentane at acidic pH and extracted with pentane at alkaline pH [30] . In 1984, Ishida et al. developed a GC-MS method for the determination of amitriptyline and its major metabolites (nortriptyline, 10-hydroxyamitriptyline and 10-hydroxynortriptyline) in human serum using electron impact ionization. LLE was chosen for sample preparation and the analytes were extracted from an alkaline solution into n-hexane. Helium was chosen as carrier gas [50] .
In 1990, surface ionization detector (SID) was introduced by Hattori et al. for the detection of tricyclic antidepressants in body fluids. A capillary SPB-1 GC column (30 m × 0.32 mm I.D., 0.25 µm) was used for the separation of the analytes and solid phase extraction was firstly proposed as a clean-up and preconcentration step for the extraction of biofluids. For this purpose, Sep-Pak C 18 cartridges were pretreated with chloroform-2-propanol (9:1), acetonitrile and distilled water. Subsequently, the sample was loaded, and the cartridges were washed with water and finally the analytes were eluted withchloroform-2-propanol (9:1) [51] .
In 1996, Ulrich et al. developed a gas chromatographic method for the simultaneous quantification of amitriptyline, nortriptyline and four hydroxy metabolites in human serum or plasma. The method was based on a three-step LLE. For the separation a HP-5 (25 m × 0.2 mm i.d., 0.33 µm) was employed [52] .
In 1997, Pommier et al. used a capillary column for the simultaneous determination of imipramine and its metabolite desipramine in human plasma by gas chromatography coupled with mass-selective detection. The column was a fused-silica column coated with 5% phenyl methyl silicone (12 m × 0.2 mm i.d., 0.33 µm). The analytes were extracted at basic pH into n-heptane-isoamyl alcohol (99:1, v/v) [53] .
The same year, Lee et al. developed a method for the detection of tricyclic antidepressants in whole blood by headspace solid-phase microextraction and capillary gas chromatography. For this purpose, the samples were heated at 100 • C in a septum-capped vial in the presence of distilled water and sodium hydroxide. A polydimethylsiloxane-coated SPME fiber was immersed to headspace of the vial to adsorb the analytes. For the detection, a flame-ionization detection (FID) was used. Recoveries were 5.3-12.9% [54] .
In 1998, de la Torre et al. developed a capillary GC-NPD method for the quantitative determination of tricyclic antidepressants and their metabolites in human plasma by SPE Bond-Elut TCA). With this procedure, recoveries were higher than 87% [55] . The same year, Way et al. developed an isotope Dilution GC-MS method for the determination of TCA drugs in plasma. For the derivatization of secondary amine drugs carbethoxyhexafluorobutyryl chloride was examined in order to replace trifluoroacetyl and heptafluorobutyryl derivatives, which are relatively unstable and cause rapid deterioration of capillary GC columns. The obtained derivatives were stable and therefore this reagent can be utilized for TCAs derivatization [56] .
As it can be observed, a lot of progress was made in the field of tricyclic antidepressants determination during 1968-2000. Various GC columns (either packed columns or capillary columns) have been used for the separation of TCAs. Moreover, different carrier gases (mobile phase) have been used. Helium and nitrogen were the most frequently chosen, while other gases such as methane and isobutane have been also used. As for the sample preparation, LLE extraction was by far the most famous method for the sample preparation of biofluids before 2000. Organic solvents such as n-heptane, n-hexane and mixtures such as n-heptane-isoamyl alcohol (99:1, v/v), n-hexane-isoamyl alcohol (98:2, v/v), etc. were examined. SPE applications with Sep-Pak C 18 and Bond-Elut TCA cartridges and SPME applications are also reported in the literature. Various chemical reactions resulting in different trifluoroacetyl, heptafluorobutyryl or carbethoxyhexafluorobutyryl derivatives were also tested for sensitivity enhancement. Finally, regarding the detector system, NPD detectors and MS detectors are the most widely used detection systems for TCAs in biofluids. Other systems, including ECD, FID and nitrogen selective detectors, have also been employed.
Although in early 1970s many GC methods were reported in the literature, there was a lack of HPLC methods. In 1975, separation of TCAs with liquid chromatography was reported, however it was not until 1976 that the practicability of measuring clinical samples by HPLC was achieved [32, 57] . However, between 1976 and 1985, liquid chromatography was increasingly applied to tricyclic antidepressants determination in biological matrices.
Recent Advances in the Use of Gas Chromatography
Due to the high increase in HPLC applications, there was a decreasing rate of application of gas chromatography between 1985 and 2000. However, GC is until today widely used for the determination of tricyclic antidepressants in biofluids. A lot of progress has been done especially in the field of sample preparation and many research papers are published in the literature after 2000.
Gas Chromatography-Mass Spectrometry Methods
In 2004, Paterson et al. developed a screening and semi-quantitative analysis of post mortem blood for basic drugs using GC-MS to evaluate whether 14 drugs (amitriptyline, citalopram, clozapine, cocaine, cyclizine, diazepam, dihydrocodeine, dothiepin, methadone, mirtazapine, procyclidine, sertraline, tramadol, and venlafaxine) were present in sub-therapeutic, therapeutic or greater than therapeutic concentration. For this purpose, liquid-liquid extraction was used for sample preparation. Blood samples were treated with ammonia for pH adjusting to 10. Subsequently, the analytes were extracted into diethylether and back extracted into 0.1 M HCl. For the separation a DB-5 (30 m × 0.25 mm, 0.25 µm) was used and helium was delivered at a flow rate of 1 mL/min. Under optimum conditions, LOQ for amitriptyline was 0.05 ng/mL. Additionally, trimipramine, desipramine and clomipramine could be detected, but they were not semi-quantified [58] .
In 2006, Crifasi et al. examined the usefulness of twister bar extraction in combination with thermal desorption for basic drug screening of forensic samples by GC-MS. Research was also made for the investigation of the necessary conditions for basic drug isolation with stir bar sorptive extraction (SBSE). For this purpose, drugs of different categories, including TCAs were present in this study. Desorption was performed in the TDU unit with a helium flow of 50.0 mL/min a split ratio of 20:1. It was concluded that these kind of desorptive methods are as efficient as conventional LLE and SPE methods, while use of extraction solvents and complicated steps is avoided [59] .
In 2007, Sarafraz-Yazdi et al. developed a GC-MS method for the determination amitriptyline and nortriptyline by directly suspended droplet microextraction prior to GC analysis of urine samples. For this purpose, basified samples were agitated with a stirring bar in order to create a mild vortex at the center of the vial and 10 µL of toluene was placed at the bottom of the vortex. Extraction was achieved in 20 min and the organic droplet was withdrawn with a syringe and analyzed. Recovery was 76.08% for amitriptyline and 82.62% for nortriptyline, while LOQs were 132-165 ng/mL for amitriptyline and 0.05 µg/mL for nortriptyline. A CP-Sil 24 CB (30 m × 0.32 mm, 0.25 µm) was used for separation and helium was delivered at a flow rate of 1.11 mL/min [60] .
In 2008, Rana et al. developed a GC-MS method for the simultaneous determination of amitriptyline, nortriptyline, imipramine, desipramine, doxepin, desmethyldoxepin, and maprotiline in human urine after enzymatic hydrolysis with β-glucuronidase from Escherichia coli. Hydrolysis was performed to assist in the extraction procedure of tertiary TCAs, which are extensively conjugated in urine. Therefore, β-glucuronidase K12 from Escherichia coli were mixed with phosphate buffer and a portion of the mixture was added to urine. Incubation took place at 52 • C for 1 h. After cooling, the samples were transferred in tubes with a salt mixture (sodium chloride:sodium carbonate:sodium bicarbonate, 6:1:1 w/w/w) and the extraction solvent mixture (dichloromethane, dichloroethane, heptane and isopropyl alcohol (5:5:10:1 v/v/v/v). Subsequently, derivatization of the TCAs took place with MSTFA/ammonium iodide/ethanethiol reagent. For the GC analysis a CP-Sil 5 CB (10 m × 0.15 mm, 0.12 µm) column was chosen. The mobile phase was hydrogen and it was delivered at a flow rate of 1 mL/min. Two different oven temperature programs were used: one for doxepin and desmethyldoxepin and the other for the other analytes. LOQs were 5-100 ng/mL, while recoveries from amitriptyline, imipramine and doxepin were significantly increased after hydrolysis [61] .
In 2008, Lee et al. developed a GC-MS method for the determination of four tricyclic antidepressants (amitriptyline, amoxapine, imipramine, and trimipramine) in human plasma using pipette tip solid-phase extraction with MonoTip C 18 tips. For the sample pretreatment, human plasma containing protriptyline as internal standard was basified and centrifugated. For the SPE procedure, the sorbent was preconditioned twice with methanol and water using a manual micropipettor and the supernatant was extracted to by 20 repeated aspirating/dispensing. Elution was achieved with methanol by five repeated aspirating/dispensing cycles and the eluate was directly injected into a GC-MS system. A DB-5MS fused silica capillary column (30 m × 0.32 mm id, 0.25 µm) was used for the separation. Helium was used as a carrier gas at a flow rate of 2.0 mL/min. Recovery ranged 80.2-92.1% and LOQs were 0.2-5 ng/mL [62] .
Dispersive liquid-liquid microextraction was successfully applied in the determination of TCAs in human urine by GC-MS after in situ derivatization. Urine samples were primarily treated with acetonitrile and their pH value was adjusted with sodium carbonate. For the DLLME procedure, methanol (disperser solvent), carbon tetrachloride (extraction solvent), and acetic anhydride (derivatization reagent) were injected rapidly into a human urine sample. The resulted sedimented phase that contained the derivatives of the TCAs was analyzed by GC-MS. A DB-5MS capillary column (30 m × 0.25 mm i.d., 0.5 µm) was used for separation. Helium delivered as the carrier gas at a flow rate of 1.0 mL/min. The average recoveries of TCAs were 88.2-104.3% and LOQs were 2-5 ng/mL. Compared to SPME or LPME method, DLLME method is rapid, simple, and inexpensive [63] .
In 2011, Rani et al. developed a GC-MS method and an LC-UV method for the quantification of tricyclic and nontricyclic antidepressants in plasma and urine samples after microextraction in packed syringe. The studied TCAs were amitriptyline, imipramine and clomipramine. Plasma and urine samples were centrifuged and then aliquots of 50 µL were loaded into a Barrel Insert Needle Assembly (BIN) containing 4 mg of C 18 sorbent conditioned with methanol and water. Subsequently, the sorbent was washed with water and the analytes were eluted with methanol. For the GC analysis, a Rtx-1MS (30 m × 0.25 mm id, 0.25 µm) was used. Helium was used as mobile phase at a flow rate of 1 mL/min. LOQs were 0.330-0.608 ng/mL and recoveries 77-99%. The developed method was compared with the developed LC-UV method and gave comparable accuracy and precision results. However, GC-MS has higher sensitivity, selectivity and capability of direct injection of samples into the mass spectrometer [64] .
Papoutsis et al. developed a GC-MS method for the determination of different drugs and some of their metabolites (amitriptyline, citalopram, clomipramine, fluoxetine, fluvoxamine, maprotiline, desmethyl-maprotiline, mirtazapine, desmethyl-mirtazapine, nortriptyline, paroxetine, sertraline, desmethyl-sertraline, venlafaxine and desmethyl-venlafaxine) in whole blood. Bond Elut LRC Certify cartridges were used for the solid phase extraction of the analytes. An HP-5MS capillary column (30 m × 0.25 mm i.d., 0.25 µm) was used for the separation. Helium at a flow rate of 1 mL/min was used as mobile phase. For the sample preparation, blood samples were treated with phosphate buffer and centrifugation took place. The cartridges were conditioned with methanol and phosphate, the samples were loaded, and the sorbent was washed with water, acetic acid 1.0 M and methanol. Drying of the SPE took place under vacuum and finally the analytes were eluted with a mixture of ethyl acetate: isopropanol: ammonium hydroxide (85:15:3, v/v/v). Evaporation and reconstitution were followed by derivatization with heptafluorobutyric anhydride. Recoveries ranged from 79.2% to 102.6% and LOQs were 1-5 ng/mL [65] .
In 2013, Farag et al. developed a GC-MS method for the amitriptyline and imipramine in urine using clomipramine as internal standard. Liquid-liquid extraction was used for sample preparation and analytes were extracted from the alkaline pH into n-hexane-ethyl acetate (9:1, v/v) and back-extracted into acidic aqueous solution. Subsequently, derivatization with BSTFA-1% TMCS was performed 60 • C for 30 min. For the separation, a DB-5MS column (30 m × 0.25 mm i.d, 0.5 µm) was used and helium was delivered as carrier gas at flow rate of 1 mL/min. Recovery values were higher than 89.7% and LOQs were 100 µg/mL for both analytes and the IS [66] .
A hollow-fiber liquid-phase microextraction (HF-LPME) was used for the determination of amitriptyline, nortriptyline, imipramine, desipramine, clomipramine, desmethylclomipramine, fluoxetine, and norfluoxetine in whole blood by GC-MS. Optimum conditions for sample preparation were as follows: a disposable 8-cm polypropylene porous hollow fiber, 4.0 mL of sample solution, dodecane as organic phase, and 0.1 M formic acid as acceptor phase for extraction. The system was stirred, and the acceptor phase was evaporated and reconstituted in methanol. An HP-5MS column (30 m × 0.25 mm i.d., 0.25 µm) was chosen for separation. Helium was used as carrier gas at a flow rate of 0.8 mL/min while splitless injection mode was chosen. LOQs were 20 ng/mL and recoveries ranged 36-89% [67] .
In 2014, Banitaba et al. used a new fiber coating based on electrochemically reduced graphene oxide for the cold-fiber headspace SPME of amitriptyline, imipramine and clomipramine in plasma. For the HS-SPME, solution pH of 13, NaCl content of 5% w/v, extraction time of 60 min at 70 • C was selected as the optimum salt content. The effect of the extraction time on the HS-SPME of A CP-Sil 8 CB (25 m × 0.32 mm id, 0.25 µm) was chosen in combination with nitrogen as carrier gas delivered at a constant pressure of 17 psi. LOQs were 1.0-1.7 ng/mL and recoveries varied from 73% to 96% [68] .
In 2018, Mohebbi et al. developed a dispersive solid phase extraction combined with deep eutectic solvent-based air-assisted liquid-liquid microextraction for the extraction of amitriptyline, nortriptyline, imipramine, desipramine and clomipramine from plasma and urine by GC-MS. Therefore, a sorbent (C 18 ) was dispersed by vortex into an alkaline sample solution, the material was isolated by centrifugation and the analytes were eluted with 150 µL of a deep eutectic solvent, prepared from choline chloride and 4-chlorophenol. Subsequently, the eluent was mixed with ammoniacal buffer and rapidly injected with the assist of a syringe into alkaline deionized water. Five aspiration/dispersion cycles were performed and after centrifugation 1 µL of the sedimented deep eutectic solvent phase was analyzed by GC-MS. For the separation, an HP-5MS column (60 m × 0.25 mm i.d., 0.25 µm) was used. Extraction recoveries were 62-74% for urine and 64-72% for plasma and LOQs were 27-49 ng/L for urine and 108-191 ng/L for plasma [69] .
In 2018, Japtag et al. developed a hollow-fiber drop-to-drop solvent microextraction technique for the extraction of nortriptyline from urine and blood by GC-MS. Therefore, a glass syringe was filled with the organic acceptor phase which was inserted into the hollow fiber. Thus, the extraction of the drug was performed with 0.6 µL of toluene as a solvent for 12 min extraction time by immersing the fiber in the aqueous sample solution (pH 9.8). For the separation, a DB-5 capillary column (30 m × 0.25 mm × 1 µm) with the assist of helium (flow: 1 mL/min) LOQ value was 234 ng/mL and recovery ranged from 97.33% to 103.66% [70] .
Gas Chromatography with Various Detector Systems
In 2002, Martinez et al. developed a GC-NPD method for the simultaneous determination of imipramine and desipramine together with viloxazine, venlafaxine, sertraline, and amoxapine in whole blood. For this purpose, two different SPE cartridges (Chem Elut SPE and Bond Elut Certify) were tested. Chem Elut cartridges are based on the principle of liquid-solid absorption extraction that is related to conventional LLE. On the other hand, Bond Elut Certify columns take advantage of mixed SPE, reversed-phase and cation-exchange sorbent. With Chem Elut cartridges, recoveries were between 28% and 74% and limits of detection (LOD) ranged from 39 to 153 ng/mL, while, with Bond Elut Certify columns, recoveries were between 64% and 86% and LOQs ranged from 70 to 222 ng/mL. Therefore, higher recoveries, lower LODs, cleaner extracts, and better sensitivity and precision, together with less solvent consumption were obtained with Bond Elut Certify. For the separation, an HP-1 (25 m × 0.20 mm i.d., 0.11 µm) was employed. Carrier gas was helium and it was delivered at a constant pressure of 195 kPa. Instrumental analysis parameters, recovery values and LODs of the developed methods are presented at Table 1 [71] .
One year later, the same working group compared the two SPE columns for the determination of amitriptyline, nortriptyline, trimipramine, and clomipramine together with fluoxetine maprotiline and trazodone in whole blood by GC-NDP. In this case, recoveries of the analytes using Chem Elut columns were 30-50% and LOQs were between 44 and 485 ng/mL, while with Bond Elut Certify columns recoveries were 59-84% and LODs were between 8 and 67 ng/mL. Therefore, Bond Elut Certify are columns have the same benefits for the extraction of the examined analytes as in the previous study [72] .
Yazdi et al. developed a GC-FID method for the determination of amitriptyline and nortriptyline from environmental solutions after dispersive liquid-liquid microextraction. For the sample preparation, carbon tetrachloride (extraction solvent) and methanol (disperser solvent) were injected rapidly into the aqueous sample and a cloudy solution was formed. After centrifugation, the extraction solvent was sedimented on the bottom of the conical test tube and it was removed for GC analysis on a CP-Sil 24 CB (30 m × 0.32 mm, 0.25 µm) capillary column. The performance of the proposed technique was also evaluated for determination of TCAs in blood plasma. However, it was not found to be compatible for extraction from biological samples, due to the interaction of matrix components, which did not allow the carbon tetrachloride to produce a sedimented phase for injection to GC [73] .
Electromembrane SPME was also used for the extraction of amitriptyline and doxepin from water, human plasma, and urine. The TCAs were extracted from 24 mL neutral sample solution across organic liquid membrane and into aqueous acceptor phase with the application of 120 V electrical potential for 20 min and the analytes were adsorbed on a carbonaceous cathode at a stirring rate of 1250 rpm. Direct desorption into the GC port took place at 280 • C for 2 min. Extraction efficiencies were 3.1-11.5% and quantification limits were less than 5 ng/mL. An HP-5 (30 m × 0.32 mm i.d., 0.25 µm) was used with helium at constant flow rate of 0.6 mL/min [74] .
In 2011, Yazdi et al. developed a GC-FID method for the separation and determination of amitriptyline and nortriptyline in biological samples after single-drop microextraction [75] . Single-drop microextraction (SDME) is a variation of LPME, that was firstly introduced in 1996 by Jeannot and Cantwell [76] . For the SDME procedure, the sample solution was kept alkaline (pH 12), then a microdroplet of isooctane was exposed in the stirred solution for 15 min. When the extraction was finished, the droplet was retracted back into the syringe and injected directly into the GC system. A CP-Sil 24 CB capillary column (30 m × 0.32 mm id, 0.25 µm) was used for the separation in combination with helium as carrier gas delivered at a flow rate of 1.11 mL/min. Recoveries of amitriptyline were 78.65% in plasma and 92.07% in urine, while for nortriptyline were 66.54% in plasma and 97.39% in urine. LOQs were 0.033-0.066 µg/mL [75] . In 2012, Davarani et al. developed an electromembrane extraction combined with GC-FID for quantification of imipramine and clomipramine in human body fluid. Therefore, the TCAs were extracted from aqueous sample solutions, through a supported liquid membrane consisting of 2-nitrophenyl octyl ether impregnated on the walls of the hollow fiber. Optimum conditions were as follows applied voltage: 200 V, pH of donor solution: 2.0, pH of acceptor solution: 1.0, sample volume: 2.1 mL, acceptor volume: 7 µL, extraction time: 10 min, and stirring rate: 1400 rpm. A CP-Sil 8 CB column (25 m × 0.32 mm i.d., 0.25 µm) was used for the separation with nitrogen as carrier gas delivered at a constant pressure of 20 psi. LOQ was 2.3 ng/mL and recovery ranged 90-95% [77] .
In 2012, Saraji et al. developed a HF-LPME method combined with in-syringe Derivatization with acetic anhydride for the extraction of desipramine from biological samples prior to GC-NPD analysis. For the HF-LPME procedure, n-dodecane was impregnated in the pores of the hollow fiber as the donor phase while methanol was placed inside the lumen of the fiber as the acceptor phase. Extraction of desipramine from the donor phase to the acceptor phase was achieved with stirring in 25 min at room temperature. Subsequently, the fiber was removed, the acceptor phase was withdrawn into the syringe and derivatization reagent was drawn into the syringe. Separation was achieved on a DB-35MS (30 m × 0.25 mm, 0.15 µm) stationary phase with nitrogen as carrier gas delivered at a head pressure of 0.12 MPa. LOQ were 66 ng/mL with and relative recovery was 32% [78] .
In 2013, Davarani et al. used electro-assisted solid-phase microextraction for the sample preparation of urine samples for the quantification of imipramine, clomipramine and desipramine by GC-FID. Therefore, a platinum wire coated with poly(3,4-etylenedioxythiophen) that is able to adsorb both the ionic and molecular forms of the analytes was employed. For the sample preparation, sample solution was placed into the vial with 24% NaCl and the polymeric fiber (cathode) together with a platinum wire (anode), while the solution was stirred at 1000 rpm. The applied voltage was 2 V, the extraction temperature was 35 • C and extraction time was 20 min. When the extraction was finished, the fiber was inserted into the injector of GC for desorption. A CP-Sil 8 CB column (25 m × 0.32 mm i.d., 0.25 µm) column was chosen in combination with nitrogen as carrier gas, delivered with constant pressure of 16 psi. LOQs were 0.5-1.5 ng/mL and recoveries in urine ranged 16-74.2% [79] .
In 2013, For the first time, combination of electromembrane extraction (EME) and dispersive liquid-liquid for the determination of amitriptyline, doxepine and trimipramine in human plasma and urine by GC-FID. Experimental design with response surface methodology was implemented for optimization of experimental parameters. As a result, extraction time of 14 min, applied voltage of 240 V, donor phase of 64 mM HCl and acceptor phase of 100 mM HCl were chosen for the EME process. For the DLLME process, methanol was chosen as disperser solvent and carbon tetrachloride was chosen as an extraction solvent. Centrifugation was necessary to separate the two phases of the resulting emulsion, prior to GC analysis. An HP-5 (30 m × 0.32 mm i.d., 0.25 µm) was used in combination with helium gas at constant flow rate of 4 mL min −1 . LOQs were 10 and 40 ng/mL in urine and plasma, respectively. The recoveries were 92.3-94.2% for urine and 88.8-92.6% for plasma [80] .
In 2017, Asghari et al. applied for the extraction of amitriptyline and imipramine from human plasma and by air-agitated liquid-liquid microextraction. Therefore, the analytes were extracted by repeated aspiration and dissension of a solidifiable organic solvent, in the absence of an organic disperser solvent. Under optimum conditions, 14.0 µL of 1-dodecanol was used to extract the analytes from 10 mL of the sample (pH 12.0) after salt addition (7.52%, w/v) and 13 air-agitation cycles took place using a syringe. For the GC-FID analysis, helium was used as mobile phase at a flow rate of 4mL/min together with a BP-5 capillary column (30 m × 0.32 mm i.d., 0.25 µm). Low quantification limits 15-20 ng/mL and satisfactory recovery values (68-73%) were obtained [81] .
In 2018, Ahmadi et al. synthesized Fe 3 O 4 super paramagnetic core-shells anchored onto silica grafted with C 8 /NH 2 nanoparticles and used them for the ultrasound-assisted magnetic solid phase extraction of imipramine and desipramine from plasma prior to GC-FID analysis. For the MSPE procedure, the material was washed and conditioned with water and MeOH and were dispersed by ultrasonic into the sample. Accordingly, a magnet was used to collect the sorbent and elution was achieved with methanol. A CP-Sil 8 CB column (30 m × 0.25mm i.d., 0.25 µm) was chosen and helium was delivered at a constant pressure of 10 psi. Recovery was above 94% and LOD values were 0.003-0.007 µg/mL [28] .
Discussion
A lot of progress was made in this scientific field during 1980-2000. Both packed columns and capillary columns were used for this purpose. Moreover, various detection systems such as NPD, FID, SID, MS, were adopted. Liquid-liquid extraction was the most frequent sample preparation technique, while various solvents were tested. Derivatization with various reagents, resulting in different trifluoroacetyl, heptafluorobutyryl or carbethoxyhexafluorobutyryl, were also employed. Other conventional sample preparation techniques including protein precipitation and solid phase extraction have also been used.
However, due to the rapid development of high-performance liquid chromatography, the application of gas chromatography was significantly reduced after 2000. This can be attributed to the fact that HPLC, especially when coupled with mass spectrometry, can provide highly sensitive methods and extremely low limits of detection. Until today, HPLC is a well-established technique for the determination of various drugs (antidepressants, antipsychotics, antiepileptics, etc.).
The recent advances in the use of gas chromatography for the determination of TCAs in biofluids focus on the implementation of novel sample preparation techniques, such as LPME, SPME, EME, etc. Additionally, novel materials have been synthesized and tested for the extraction of tricyclic antidepressants from biofluids. These techniques follow the principles of "green chemistry" and have numerous advantages compared to conventional sample preparation methods.
The reported GC methods can be classified into the more sensitive GC-MS methods and the GC methods coupled with other detection systems (mostly ECD, NPD, and FID). The GC-MS methods combine the resolution ability of gas chromatography with the highly sensitive detection ability of mass spectrometry. Therefore, highly sensitive methods can be developed and low LODs can be obtained. Satisfactory LOQ values can be obtained both with GC-FID and with GC-NPD techniques. As shown in Table 1 , by using a preconcentration method in combination with GC-MS, limits of quantification can be reduced to 0.2 ng/mL, while, with GC-FID and GC-NPD, they are more than 0.5 ng/mL and 44 ng/mL, respectively. This is of high importance especially for forensic toxicology applications in which highly sensitive and specific GC-MS (or LC-MS, LC-MS/MS) are required.
Conclusions
Gas chromatography is a well-established technique for the determination of TCAs in biological matrices. GC methods are considered rapid, simple, accurate, efficient and robust. In recent years, a lot of progress has been made in the field of sample preparation to replace the conventional techniques (protein precipitation, SPE, and LLE). For this purpose, various microextraction techniques such as LPME, SPME, MSPE, etc. have been implemented. These techniques are in compliance with the principles of "green chemistry". Moreover, novel materials have been synthesized and used to enhance preconcentration factors and to develop accurate methods with low limits of detection, which together with high recovery values can be achieved by GC, while sensitivity and selectivity can be higher than those of HPLC. However, a wide variety of materials such as metal-organic frameworks, graphene-oxide nanoparticles, etc. can be tested for such purposes. Additionally, recently developed microextraction techniques such as fabric phase microextraction and capsule phase microextraction can be also tested [82, 83] .
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